We compared 2 bat detecting systems that use condenser microphones, 1 that performed computer analysis (Anabat6) of the output of a zero-crossing period meter (Anabat system) and the other that performed computer analysis (Canary 1.2) of the output of slowed-down (ϭ time-expanded) recordings (Racal system). The 2 systems provided significantly different pictures of both numbers and characteristics (highest frequency, lowest frequency, and duration) of echolocation calls, whether recorded from free-flying bats in the field or from a stationary bat in the laboratory. Although the AnabatII detector was slightly more sensitive than the QMC S200 detector, the Racal system detected more echolocation calls than the Anabat system; the 19-dB difference in sensitivity was associated with a zero-crossing period meter in the Anabat system. Results suggest 2 recommendations. First, that analysis using zero-crossing period meters should not be used to describe echolocation behavior or calls of bats. Second, that studies of activity and use of habitat based on analysis using zero-crossing period meters should involve calibration against more sensitive bat-detecting systems.
Echolocation calls of bats vary considerably in acoustic features reflecting differences in behavior, species, and situation (Ahlén 1981; Ahlén and Baagøe 1999; Fenton and Bell 1981; Griffin 1958; Griffin et al. 1960; Obrist 1995, in press ). The advent of commercially available bat detectors, instruments capable of rendering high-pitched sounds into signals audible and visible to observers, was instrumental in advancing field studies of bats (Ahlén and Baagøe 1999) . Recently, the question of how accurately bats can be identified by their echolocation calls has been the focus of discussion (e.g., Barclay 1999; O'Farrell et al. 1999) , coinciding with increased use of the Anabat bat-detecting system.
The Anabat system (Titley Electronics, Ballina, New South Wales, Australia) con-* Correspondent: bfenton@yorku.ca sists of a broadband bat detector with a condenser microphone whose output can be processed by a zero-crossing period meter and transferred by the Anabat Zero-Crossing Analysis Interface Module (ZCAIM) to a computer running a DOS operating system. This provides the observer with DOSoperated computer plots showing changes in frequency over time for echolocation calls detected by the system, but not the original time-amplitude versions of calls. Utility, convenience, and price combine to make Anabat the system of choice for many people conducting field studies of bats by monitoring echolocation calls (Betts 1998; Jung et al. 1999; Kalcounis et al. 1999) . Other bat-detecting systems using condenser microphones provide detailed information about components and structures of individual echolocation calls and time expansion (whether achieved digitally or by slow-ing down high-speed recordings). Here, time-amplitude representations of signals are available for analysis by software, including fast Fourier transformation, which gives accurate details about frequency components in the signals (Ahlén and Baagøe 1999; Jones 1991; Parsons and Obrist, in press; Pettersson 1991) . These systems do not use analysis by zero-crossing period meter and are much more expensive than the Anabat system. Still other bat detectors use different microphones that are not as sensitive to a range of frequencies as condenser microphones (Parsons and Obrist, in press) .
Should everyone use a zero-crossing period meter system like Anabat? No, because analysis by zero-crossing period meters displays only information about the strongest harmonic in any signal (Partridge 1967; Simmons et al. 1979) , making this approach unreliable for species that vary harmonic content of their echolocation calls (e.g., Rhynchonycteris naso -Fenton et al. 1999a ). Analysis of output of time-expansion systems is not subject to this constraint and provides accurate information about harmonics provided that recorded signals are strong enough, but not saturated. This situation highlights an important discrepancy between zero-crossing period meter and time-expansion alternatives for recording and analyzing acoustic signals (Parsons and Obrist, in press ). Such differences in bat-detecting systems further complicate the reality that bat detectors (makes, models, and instruments) differ in sensitivity to echolocation calls of bats (Downes 1982; Forbes and Newhook 1990; Thomas and West 1984; Waters and Walsh 1994) , affecting our understanding of variation in echolocation calls beyond intensity, which is well documented from bats (Fenton and Bell 1981; Fenton et al. 1999a; Griffin 1958) .
Our purpose was to compare measurable features of the echolocation calls of bats as recorded and presented by 2 bat-detecting systems: the Anabat system, using a zerocrossing period meter, and the Racal system, using time expansion. Both systems used a broadband condenser microphone (Simmons et al. 1979 (Charif et al. 1995) . As discussed by Charif et al. (1995) , to satisfy the Nyquist criterion, recordings were slowed to one-sixteenth recording speed to avoid digital aliasing. We installed new batteries in battery-operated equipment at the beginning of each experimental trial.
In the 1st session, we recorded echolocation calls of bats flying over the lagoon at Lamanai, Orange Walk County, Belize (17Њ45.848ЈN, 88Њ39.128ЈW) from a wharf on 11 January 2000. The bat detectors of both systems were arrayed on a level surface with microphones extending beyond the edge of the surface. Both detectors were 60 cm above the wharf with their microphones parallel, 25 cm apart, facing toward the water and up at an angle of 30Њ from horizontal. In the 2nd session, we recorded echolocation calls of a hand-held hoary bat (Lasiurus cinereus) in the laboratory. The bat faced the microphones from 1 m away. Microphones were 25 cm apart and attached to a level surface so that their heads were directly in line.
During recording sessions the zero-crossing output from the Anabat detector was fed into an Anabat ZCAIM Interface and then into the computer. Incoming calls were monitored on the laptop, and files were saved before the cursor reached the edge of the screen to ensure that no calls were lost. Sensitivities of the Anabat bat detector and the ZCAIM Interface were set at 8, which maximized the quality of recordings, and countdown level of the bat detector was set at 16. Gain of the AnabatII detector and the QMCS200 were set at the same level as judged by audio output associated with echolocation calls of passing bats. Echolocation calls recorded on the Anabat system were analyzed using the Anabat6 software.
To ensure that we analyzed characteristics of the same calls on the 2 systems we used audible time markers in both systems. From any time marker, we always could identify signals on both Racal and Anabat systems using a combination of marker, timing, and call features. Recordings that were not clear were omitted from analysis.
For comparison of recorded calls from Anabat, we obtained duration of call in milliseconds from the display, and highest frequency and lowest frequency in the call in kilohertz in the dominant harmonic in kilohertz using the horizontal cursor. Slope of the call as kilohertz per milliseconds was bandwidth divided by duration. In Canary 1.2, we measured duration of call from time-amplitude representation, and highest and lowest frequencies from the display showing changes in frequency over time. Characteristics of calls were compared with paired ttests and number of calls per files with Wilcoxon signed rank test (P Ͻ 0.05).
To determine response threshold of S200 and AnabatII detector and system, we used an Exact Electronics Inc. (Hillsboro, Oregon) VCF 126 signal generator to produce tones (sine wave) of 20, 30, 40, and 60 kHz broadcast through a KEF T27 speaker. We used an oscilloscope to monitor strength of signal from the generator (volts peak-to-peak) and tested systems in succession, with the microphones 10.5 cm from the speaker and aligned directly with it. For the S200, we monitored audio and high-frequency (with the oscilloscope) outputs. For the Anabat II detector, we used audio representation of the signal. We monitored output of the Anabat ZCAIM module with the computer and recorded the strength of signal required to produce a display on the computer corresponding to the frequency presented. To determine threshold, we alternately increased and decreased strength of signal using a clear display of appropriate frequency on the computer screen as evidence that the signal was being recorded and presented. To verify that the recorded signal was accurate, we froze the display and treated as valid recordings only those signals not erased by pressing the z key (which cleans up the display). At 20 kHz, we measured intensity of sound using a 2209 Sound Level Meter (Brüel and Kjaer, Naerum, Denmark) with a 4133 Half Inch microphone with grid in place.
RESULTS
Calls we analyzed were recorded simultaneously on both systems, allowing us to compare data about the same individual calls as presented by the 2 systems. Specifically, we compared features of 30 calls of free-flying bats in Belize (probably those of Eptesicus furinalis) and 30 calls from a stationary L. cinereus in the laboratory.
Although illustrations of change in frequency over time were generally similar in both Anabat and Canary displays (Fig. 1) , we found significant differences in all features of calls recorded by the 2 systems in recordings from the field, and in most from the laboratory (Table 1 ). In the field, compared with the Racal system, the Anabat system typically provided lower values for the highest frequency, and higher values for the lowest frequency, resulting in narrower bandwidths obtained from the Anabat system. Duration of call was significantly greater in the Anabat system than with the Racal system, resulting in shallower slopes.
One reflection of differences between systems emerges from a comparison of coefficients of variation (Table 1) . We used echolocation calls of L. cinereus in this comparison because they were consistent in intensity, reflecting a stationary bat. Coefficients of variation for echolocation calls recorded on the Anabat system were 3.8-6.1 times greater than those recorded on the Racal system for all characteristics except highest frequency, for which the Racal showed greater variation (1.6 times greater).
In the field, in seven 10-s sessions, the Anabat system detected and recorded fewer echolocation calls than did the Racal system (t ϭ 2.82, P Ͻ 0.05). During those recordings, the Anabat system detected 18, 21, 14, 21, 29, 16 , and 24 calls, whereas the Racal system detected 66, 77, 45, 72, 320, 225 , and 134 calls, respectively. The Anabat system failed to detect and record higher-pitched calls from another species (Fig. 1) , and some fainter calls of Eptesicus.
Audio outputs suggested that the AnabatII detector was slightly more sensitive to signals of 20, 30, 40, and 60 kHz than was the S200 detector, with signal TABLE 1.-Mean (X ), standard deviation (SD), and coefficient of variation (CV) for variables recorded from echolocation calls of free-flying bats (n ϭ 30) in Belize and from a Lasiurus cinereus in the laboratory (n ϭ 30). Data on the same calls recorded simultaneously on the Racal system and the Anabat system are compared using paired t-tests. thresholds varying from 0.8 to 1.6 mV. Overall, the Racal system was more sensitive than the Anabat system (Fig. 1) . We quantified threshold of signal required to produce accurate output to the computer from the ZCAIM module, namely 10.4, 5.8, 10, and 10.2 mV, at 20, 30, 40, and 60 kHz, respectively. Changing gain on the ZCAIM module to settings of 9, 10, or 12 (maximum) did not alter the threshold at which the computer display was activated by more than 0.1 or 0.2 mV at any of these frequencies. The difference in sensitivity corresponded to 19 dB because at 20 kHz, a 1.2-mV signal was 35 dB sound pressure level A at 4 cm from the speaker, and a 10.4-mV signal was 54 dB-all in a room with an ambient noise level of 35 dB.
Analysis of recordings made with the Racal system indicated that echolocation calls of L. cinereus recorded in the laboratory consistently included 2 weak harmonics in addition to the strong one that dominated the signal. The Anabat system invariably showed only the strongest harmonic and gave no indication of others.
DISCUSSION
Significant differences between Anabat (zero-crossing) and Racal (time-expansion) systems, both in analysis of features of call and in numbers of echolocation calls detected, have implications for those who use bat detectors. Results raise the question, which system presents a truer image of the echolocation calls of bats? We suggest that time-expansion systems present the truer image because they allow analysis of timeamplitude representation of the signal, including fast Fourier transform to obtain data about frequencies in calls. By using time-amplitude and power spectrum displays associated with software for analysis of sound (e.g., Canary 1.2), the user can define the criteria used to determine values for duration and frequency. These options are not available in the Anabat system as we used it. General similarities in features of calls presented by different time-expansion systems, whether they depend upon slowed-down high-speed recordings (e.g., the Racal) or on digital expansion (e.g., Fenton et al. 1999a) , reflect the versatility of the tools used in analysis. Furthermore, greater sensitivity of time-expansion systems and their capacity to represent harmonics combine to make them more accurate than systems using zero-crossing period meters.
In addition to not providing full infor-mation about harmonics, analysis using zero-crossing period meters operates only above a certain signal-to-noise ratio, explaining the significant difference in sensitivity between the 2 systems we observed, whether expressed as numbers of calls detected (Fig. 1) or as the 19-dB difference in threshold. Differences in coefficients of variation that we obtained probably reflect a combination of attenuation of higher frequencies (Lawrence and Simmons 1982) and the fact that only strong portions of any call will activate the zero-crossing period meter. Our findings generate 2 recommendations. First, we recommend that output from the Anabat system (or others involving zero-crossing period meters) should not be used in preparing either descriptions of echolocation behavior of bats, or of vocalizations or other acoustic signals. We make this recommendation because of both consistent, significant differences in features of calls as well as differences in sensitivity between (Anabat) and time-expansion (Racal) systems. This recommendation calls into question descriptions of echolocation behavior and calls, however interesting (e.g., Furipterus horrens -Fenton et al. 1999b) , and demonstrates that it is difficult to calibrate studies of variation in calls using an Anabat system (Betts 1998) against results obtained from time-expansion systems (Obrist 1995; Rydell 1990 ). Furthermore, our findings suggest that using analysis with zero-crossing period meters accentuates the impact of intraspecific variation on reliability of use of echolocation calls to identify the species of bats producing them. This point already has been made with respect to the use of the Anabat systems (Betts 1998) or with reference to variation in harmonic content of echolocation calls of bats (Fenton et al. 1999a) .
Our 2nd recommendation is that data on activity and community composition of bats obtained with a zero-crossing period meter system (e.g., the Anabat) be calibrated against a time-expansion system. This recommendation derives directly from the relative insensitivity of the Anabat system. This recommendation does not necessarily negate the many Anabat-based studies of activity of and habitat use by bats (e.g., Jung et al. 1999; Kalcounis et al. 1999) , but the issue of sensitivity of detecting systems is vital because it directly influences overall perceived levels of activity. Variation in sensitivity between bat-detecting apparatuses is a topic of general concern (e.g., Ahlén and Baagøe 1999; Jones 1991; Pettersson 1991; Waters and Walsh 1994) .
In 2000, costs of bat detectors and batdetecting systems range from about $300 US for a tunable bat detector to about $700 US for an Anabat system (detector, ZCAIM, and software). Time-expansion systems range from Ͼ$4,000 US for digital expansion to Ͼ$25,000 US for systems including a high-speed, instrumentation tape recorder. For Anabat or time-expansion systems, the cost of a computer is extra. We have found that differences in cost are reflected by differences in sensitivity and quality of data obtained.
